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INTRODUCTION 
The proper storage of seeds3- to ensure maintenance of 
their viability13 and vigor0 constitutes an important economic 
problem and a challenging research field. Much valuable seed, 
especially of cereals, is lost in long term storage. In addi­
tion, extended storage of valuable genetic stocks has long 
been a major objective of the plant breeder and the seed pro­
ducer. 
This investigation consisted of a study of the storage 
of maize with moisture contents from 8 per cent to approxi­
mately zero. The grain was stored at a relatively high tem­
perature to speed the normal rate of deterioration and permit 
evaluation of the deteriorative processes within a short pe­
riod of time. Only a superficial examination of the drying 
procedure used to obtain the low moisture levels of the grain 
was made, since the principal investigation of this aspect of 
the storage problem was performed by William Struve (68). 
An effort was made to assess the relative roles and importance 
aThe term "seed" is used in this paper to refer to the 
com caryopsis as well as to true seeds. 
13The term "viability" is used to refer to the presence 
of life in a seed, demonstrated by germination. 
cThe term "vigor" refers to the state of health of a 
living seed, evaluated from its seedling. 
2 
of the moisture content of the seed and the oxygen content of 
the storage atmosphere in the longevity of stored com. In 
addition, the roles of oxidatively and microbiologically in­
duced damage were considered. 
The drying and storage performance of the seed was evalu­
ated by growth analyses of seedlings grown from the dried and 
stored grain, and by the use of selected biochemical proce­
dures. 
In addition to yielding data which were immediately 
pertinent to storage procedures, the research has added know­
ledge of the nature of life in the dormant3- seed, the role of 
respiratory processes in the maintenance of viability and 
vigor of the seed, and the processes of aging and death. A 
further dividend from the study was the evaluation of several 
analytical techniques of interest to the fields of cereal 
chemistry and biochemistry. 
aThe term "dormant" is used in this paper to refer to a 
state of suspended growth in a living organism. 
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REVIEW OF LITERATURE 
Several general works in the fields of seed physiology 
and storage merit citation. In a work reviewing twenty years 
of seed research at the Boyce Thompson Institute, Barton and 
Crocker (12) devoted a chapter to the life span and storage 
of seeds, emphasizing especially the role of seed moisture in 
storage deterioration. They noted that drying seed to 8 per 
cent moisture content greatly prolonged its storage longevity. 
In a general work on seed physiology, Crocker and Barton (23) 
considered respiration of seeds, seed composition and the 
storage and life span of seeds. In a discussion of the causes 
of seed deterioration, they cited a number of probable causes 
of seed deterioration but favored nuclear degeneration as the. 
most important factor in the loss of viability of seeds in 
storage. Behrent (15) discussed the roles of temperature, 
relative humidity of storage and fungi in the aging of various 
seeds during storage. He reported that vigor losses preceded 
viability reduction during storage. 
The outstanding review.in the field of the storage of 
cereal grains was published by the American Association of 
Cereal Chemists and edited by Anderson and Alcock. Chapters 
on moisture and its measurement by Hlynka and Robinson (38); 
chemical, physical and nutritive changes in storage by Zeleny 
(80); and respiration and heating by Milner and Geddes (58) 
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are especially pertinent to this investigation. In addition, 
the role of microflora is reviewed by Semeniuk (65) in the 
work. 
In an early work, Crocker (22) attributed storage dete­
rioration to protein "coagulation" and nuclear degeneration 
with, the consequent loss of mitotic capability. Sayre (63) 
stored corn in glass tubes at various moisture, temperature 
and oxygen levels. He noted that longevity of the seed in 
storage was favored by low moisture content of the grain, low 
storage temperature, and storage in nitrogen or carbon dioxide 
rather than in atmospheres containing oxygen. Gcodsell, et_ 
al. (33) examined the effect of the storage of corn at 8, 10, 
12 and 14 per cent moisture in air at temperatures of -18e to 
30° 0 on the cold test germination performance of the grain. 
They found that reduced seed moisture and storage temperature 
favored preservation of the viability of the seed; however, 
in a trial involving storage of the grain in air, carbon diox­
ide or nitrogen, they noted no difference in storage longevity 
attributable to the differences in the storage atmosphere. 
Although Struve (68) studied primarily the techniques 
and effects of drying maize to very low moisture contents, 
including a zero per cent level, he performed some storage 
trials with seed dried to very low moisture levels. He found 
that the deterioration of the grain was directly related to 
the moisture content of the seed, the temperature of storage 
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and the oxygen content of the storage atmosphere. He con­
cluded that the viability and vigor of seed com could be 
maintained for many years by storage at low moisture levels 
at low temperatures in the absence of oxygen. 
In. recent work Barton (9) found a direct relationship be­
tween the deterioration rate, the moisture content, and the 
storage temperature of frost damaged sweet com. She found 
that grain stored with 11 per cent moisture content in sealed 
containers at 30° C perished more rapidly than comparable 
grain stored in open air. 
Storage studies have been performed with grains other 
than maize. Whymper and Bradley (79) stored wheat in desicca­
tors with a moisture content of 4.4 per cent and found the 
grain to be 80 per cent viable after 18 years. As the result 
of studies with oxygen, they postulated that the inhibition of 
respiration was destructive to the vitality of the seed in 
storage. In a subsequent report the same authors (78) stated 
that the seed in the more favorable storage conditions still 
germinated 69 per cent after 32 years. 
Lute and Robertson (53) found that for wheat, barley and 
oats the rate of loss of viability of grain stored under con­
ditions approximating ideal commercial storage was not linear 
and increased as the storage progressed. Lakon (48) found 
that the loss of vigor of stored cereals was a gradual process, 
resulting first in the death of the radicle cells of most 
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grains and of the shoot cells in corn. Bradley (18) related 
the longevity of wheat stored in glass tubes to the moisture 
content of the grain, after obtaining 83 and 68 per cent ger­
mination after 19 and 32 years, respectively, of grain stored 
with a moisture content of 4.5 per cent. Geddes et al. (30) 
stated that mold growth was the principal factor in the dete­
rioration of grains stored with moisture contents above 15 per 
cent. They found that losses of viability occurred before 
other forms of deterioration became evident. With regard to 
the storage atmosphere, they noted that carbon dioxide re­
pressed respiration and the accumulation of free fatty acids 
and that air tight storage favored anaerobic metabolism and 
the development of "sour grain". 
Numerous storage trials have been performed with seeds 
other than the cereals. The Associated Seed Growers, Inc. 
(3) have reviewed much of the work concerning the effects of 
storage conditions on the viability and vigor of vegetable 
seeds. In addition, investigations have been conducted with 
Chewings fescue (29), Cinchona ledgeriana Moens (7), cotton­
seed (66), elm (10), flax (24), hemp (45), Kentucky blue grass 
(13), lettuce, onion and cauliflower (8), Lobelia cardinal!s 
L. (11), onion (19), soybean (35, 72), tobacco (43) and white 
pine (62). -Virtually all of these studies confirmed the find­
ings regarding the effect of seed moisture and storage temper­
ature on the storage longevity of the seeds found in research 
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with the cereals. 
Except in the area of the development of free fat acidity 
during storage, very little research has been performed on the 
biochemical aspects of the deterioration of seeds in storage. 
However, three basic analytical works on the composition of 
maize merit citation. Earle et al. (26) reported the relative 
quantities of ash, protein, oil, sugar and starch in the com­
ponent parts of the com kernel. They noted that although the 
oil fraction constituted only about 5 per cent of the mature 
grain, virtually all of this material was found in the embryo 
of the grain. A survey of the literature regarding the chemi­
cal composition of the mature corn kernel was made by Cannon 
et al. (20). They noted that the composition of the grain 
varied widely with variety and place of production. Kent 
Jones and Amos (42) reported the comparative values of ash, 
protein, fat,, carbohydrate and crude fiber for the principal 
cereal grains and their component parts. 
The appearance of free fatty acids in grains stored in 
commercial conditions has received virtually universal accept­
ance as an index of the condition of the grain in storage. In 
an early investigation, Zeleny and Coleman (81) used a modi­
fied Sorensen "formol" titration technique to study the devel­
opment of amino acidity, "phosphate" acidity and free fat 
acidity during the storage of wheat at 14.45 and 15.'35 per 
cent moisture in air. They found a significant relationship 
between the loss of viability of the grain and the development 
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of free fat acidity, but found no significant increase in 
either amino acidity or "phosphate" acidity. Subsequent 
activity in the study of free fat acidity in cereals has been 
reviewed by Zeleny (80) in the previously cited review. Baker 
(5) devised a rapid method for free fat acidity determination 
in grain, using a wet milling technique. As a result of the 
survey of numerous samples of sound and damaged grain, she 
chose a fat acidity index of 20 to 25 mg of potassium hydrox­
ide to neutralize the free fatty acids extracted from 100 g 
of dry grain as an acceptable limit for sound grain. A number 
of sound maize samples yielded index values of 14.9, and badly 
damaged grain yielded values as high as 275. Subsequently, 
Baker et al. (6) found a high positive correlation between the 
fat acidity index values and several types of grain damage de­
veloped during storage, especially heat and mold damage. 
Peterson et al. (60) stored wheat with a moisture content of 
18 per cent in oxygen, nitrogen and carbon dioxide mixtures. 
They found that fat acidity, germ damage, mold growth and 
respiration varied directly with the oxygen content of the 
storage atmosphere. In one experiment, they found that the 
grain stored in 0.2 per cent oxygen remained viable for over 
16 days, although a respiratory quotient of 8.8 indicated con­
siderable anaerobic activity. 
Some attention has been given to the development of 
rancidity as a factor in the deterioration of stored seed. 
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Triebold et al. (73) reviewed the literature in the field 
which they considered to be of special interest to the cereal 
industry. Although very little study has been devoted to the 
problem of rancidity in whole grains, some investigations have 
been performed on certain oil seeds. Notable work has been 
done with cottonseed (47, 67), peanuts (67) and pine and okra 
(4l). in each case, lowered germination was associated with 
higher seed moisture, slightly greater free fat acidity, 
greatly increased peroxide formation, and virtually unchanged 
iodine value of the oil fraction of the seeds. 
Lindemann (51) examined the changes which occurred in the 
oil fraction of sorghum and com germ. In sorghum he found 
that considerable air oxidation occurred, which resulted in 
the formation of polymerization products, discoloration and 
reduction in the iodine number; however, he found no changes 
in the fat fraction of corn grain. 
Bottomley et al. (16, 17) studied changes in the fat 
acidity index, non-reducing sugar content and mold flora of 
yellow corn stored with a 19 to 31 per cent moisture content 
at a temperature of 30° C for periods of 2 to 12 days. They 
found that the decrease in non-reducing sugars was more close­
ly correlated with the mold count than was the increase in fat 
acidity. Glass et al. (32) studied the reducing and non-
reducing sugar contents of wheat containing 12 to 18 per cent 
moisture stored in air at 30° C for 24 weeks. They found no 
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detectable changes in the sugar contents of the grain stored 
with 12 per cent moisture, but with higher moistures they 
noted an increase in reducing sugars and a decrease in non-
reducing sugar, which were directly related to the moisture 
content of the grain. 
Glass and Geddes (31) found that the inorganic phosphate 
content of wheat stored with a moisture content of 18 per cent 
at a temperature of 20° C increased during the storage period. 
Using an iron precipitation technique for the determination of 
phytin, the calcium, magnesium salt of inositol hexaphosphate 
(phytic acid), they concluded that the appearance of inorganic 
phosphate resulted from the breakdown of phytin. 
Several of the vitamins have been shown to decrease dur­
ing the drying and storing of seeds. MacMasters et al. (55) 
studied the effect of drying corn from 4o, 30 and 20 per cent 
moisture levels at temperatures of 49°, 54°, 60" and 66° C. 
In addition to finding higher sugar contents in the artifi­
cially dried grain, contrasted to the sugar content of. grain 
dried at room temperature, they found that the contents of 
niacin, pantothenic acid, riboflavin and biotin were unaf­
fected. They found that pyridoxine was lost in drying from 
the highest moisture level and that the ash, protein and oil 
contents of the seed were not affected by any of the drying 
treatments, 
In a somewhat related study, Porto and Siegel (61) found 
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that exposing air dry lettuce seed to a temperature of 75° C 
reduced germinability of the seed, but that normal germination 
was restored by the administration of kinetin. 
Praps and Kemerer (27) reported a continual, but decreas­
ing loss in the carotene and vitamin A content of yellow maize 
stored at a temperature of 35° C. Bayfield and O'Donnel (14) 
found a reduction of the thiamine content of wheat, which was 
directly related to the moisture content of the seed, and 
which was inhibited by treating the grain with ethylene. 
Tâufel and Pohloudek-Fabini (69) found that a decrease 
in the citric acid content of stored seeds was related to a 
decrease in "physiological activity" and postulated that the 
maintenance of the integrity of the citric acid cycle was 
important to storage longevity and germinability of the seed. 
In recent years effort has been devoted to evaluating 
the effects of drying and storing of seeds on specific enzymes 
and enzyme systems. A related early work was performed by 
Jones and Gersdorff (40) on the effect of the storage of wheat 
containing 11 per cent moisture, at temperatures of -1° and 
+25° 0 on the protein of the grain. They found a general de­
crease in the true protein nitrogen of the seed which was 
directly related to the storage temperature. The loss ap­
peared primarily in the sodium chloride and sodium salicylate 
soluble fractions of the seed protein. In a similar experi­
ment with com, Jones et al. (39) found a decrease of 3.6 per 
12 
cent in the digestibility of the protein of corn stored with 
a moisture content of 12 per cent. During storage of the 
grain the "true protein" nitrogen and the protein solubility 
decreased and amino nitrogen increased. 
Throneberry and Smith (71) reported that the oxygen up­
take of seeds was directly correlated to their germinability. 
They noted that cytochrome oxidase activity appeared.to limit 
growth in seeds evidencing low viability. In another work the 
same authors (70) reported that malic dehydrogenase activity 
was more closely correlated to viability and respiratory ca­
pacity than the activities of alcohol dehydrogenase and cyto­
chrome oxidase. 
In barley, Macleod (54) found"that the viability of aged 
and heat damaged seed was lost before amylase, proteinase, 
maltase and phosphatase activities, and that catalase, per­
oxidase and dehydrogenase activities survived the death of the 
seed. On the basis of her studies, she concluded that enzyme 
inactivation was not necessarily the cause of death of the 
grain used in her studies. In heat damaged barley, French 
(28) found that amylase activity was proportional to viabil­
ity of the seed, fresh weight of the seedlings produced from 
the grain, the rate of increase in fresh weight and the height 
of the seedlings after 5 days growth. 
Linko and Sogn (52) studied the relationship of glutamic 
acid decarboxylase activity and seed moisture in short term 
\ 
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storage experiments performed with wheat containing 15 per 
cent moisture stored in air. They concluded that although the 
activity of the enzyme was not related to post harvest viabil­
ity, it was directly related to losses of viability incurred 
during storage of the grain. 
In another approach to the problem of seed deterioration 
in storage, Kronstad et al. (46) found that barley with an 8 
per cent moisture content stored in oxygen at a pressure of 
100 pounds per square inch for a period of 4 to 6 weeks evi­
denced a significantly greater number of chromosomal aberra­
tions and mutations than grain stored under normal conditions. 
Working with Vicia faba L., Moutschen-Dahmen (59) found 
considerable fragmentation and anaphase bridging in chromo­
somes of seed stored for 3 to 28 days in oxygen at pressures 
of 30 to 60 atmospheres. The tendency to develop chromosomal 
aberrations appeared to be oxygen specific, since nitrogen had 
little effect in similar experiments. Although the mechanism 
of the formation of aberrations was not understood, peroxide 
formation did not appear to be involved. 
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MATERIALS AND METHODS 
Drying Procedures 
Initial study 
A "brief reexamination of the drying procedure used by 
Struve (68) for obtaining very low moisture levels in grain 
was made. An initial lot of WF9 x Ml4 hybrid seed com was 
used for the drying study. The moisture content of the seed 
lot was determined by drying five replicate 25 g samples in an 
air oven at 104° C for 48 hours. The weight loss during the 
drying was considered to be caused only by the removal of 
water from the grain, and the drying procedure was assumed to 
remove all water from the seed. The moisture content was cal­
culated as a percentage of the fresh weight of the seed, and 
subsequent drying goals were calculated on the basis of the 
air oven derived moisture content of the grain. 
Replicate 25 g samples of maize carried in tared baskets 
of aluminum screen were dried in a vacuum oven at 50° 0 until 
the calculated weight at the desired moisture content was 
reached. The samples were removed from the vacuum oven peri­
odically, weighed, and returned to the oven as necessary to 
complete the drying process. Duplicate samples were withdrawn 
from drying at 8, 6, 4, 2 and zero per cent moisture contents 
and subjected to subsequently described growth analyses to 
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assay drying damage. 
Attempts to obtain seed moistures below 4 per cent by air 
drying at 50° C over anhydrous calcium sulfate and by vacuum 
drying at 30° C were unsuccessful; consequently, it was de­
cided to adopt uniformly the 50° 0 vacuum drying procedure to 
obtain the very low seed moistures required for this investi­
gation. 
Bulk drying procedure 
The seed to be bulk dried to the experimental levels of 
8, 4, 2, and zero per cent moistures was separated into sam­
ples of 25 g each, placed in tared aluminum baskets and dried 
in a vacuum oven at 50° C. Samples were withdrawn periodi­
cally for weight determinations. When the weight indicating 
the desired moisture content was attained, the samples were 
withdrawn from the oven, cooled over anhydrous calcium sul­
fate, weighed for final moisture determination and transferred 
to stoppered storage tubes for subsequent operations. 
In the bulk drying procedure, some variation was found 
to occur in the samples dried in an oven and in the samples 
taken from separate vacuum ovens of the same model. Although 
this variation could not be remedied, it was minimized by the 
individual moisture determination on each sample to be stored 
and careful assignment of samples to storage atmospheres. The 
variation of the moisture content of the stored samples is 
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shown in Table 1. 
Table 1. Variation in the moisture content of stored grain 
Nominal Oxygen Moisture by air oven method 
seed 
moisture Maximum Minimum Average 
% f % % % 
8 100 9.01 8.59 8.88 
8 20 8.59 8.55 8.57 
8 5 8.21 8.16 8.19 
8 0 7-96 7-52 7.74 
4 100 4.66 4.47 4.54 
4 20 4.16 4.07 4.11 
4 . 5 4.00 3.90 3.95 
4 0 3.74 3.60 3.67 
2 100 2.78 2.52 2.65 
2 20 1.99 1.71 1.86 
2 5 3.02 2.76 2.86 
2 0 2.36 2.14 2.26 
0 100 0.89 - 0.79 0.85 
0 20 0.65 0.61 0.63 
0 5 0.33 0.33 0.33 
0 0 0.14 -0.14 0.02 
Air oven drying of whole grains is not generally accepted 
as a reliable method for the moisture determination of cereals 
for the correction of data obtained from chemical analyses. 
To obtain a moisture content to correct the chemical analysis 
data, the vacuum oven method recognized by the AACC (1) was 
used. Since the moisture contents of the seed were not ex­
pected to exceed 13 per cent, the one stage procedure was 
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employed. 
In the procedure, a 2 g sample of grain, ground to pass 
a 40 mesh screen of a semi-micro Wiley mill, was weighed into 
tared aluminum dishes fitted with tight covers. The sample 
was dried for a period of 5 hours at 100° C in a vacuum oven 
at a pressure not exceeding 15 mm Eg. At the end of the dry­
ing period, dry air was admitted into the oven, and the dishes 
were covered, cooled and weighed. 
Storage Procedures 
When each sample from the bulk drying procedure was 
weighed, it was transferred to a glass storage tube fabricated 
from a 25 mm by 200 mm test tube for gassing of the tubes and 
storing of the grain. 
To evaluate the role of oxygen in the storage longevity 
of the grain, storage atmospheres containing 100, 20, and 5 
per cent oxygen concentrations and 100 per cent nitrogen were 
introduced into the tubes. 
A therapeutic grade of oxygen was used to yield the 
atmosphere composed of 100 per cent oxygen, and a pre-purified 
grade of nitrogen was employed to give the oxygen free atmos­
phere. The atmosphere containing 5 per cent oxygen was formu­
lated from the oxygen and nitrogen gases by water displacement. 
Ten tubes containing the dried grain were evacuated to a 
pressure of 0.03 mm of mercury on a glass manifold. The 
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desired gas or gas mixture was passed into the manifold through 
anhydrous calcium sulfate to remove moisture and carbon diox­
ide from the gas. The evacuated tubes were flushed with the 
proper gas or gas mixture, reevacuated, filled a second time 
with the same gas and sealed. Since it was inadvisable to 
pass pure oxygen through the warm oil of the vacuum pump, the 
tubes to be filled with 100 per cent oxygen were evacuated 
only once, but the evacuation period was doubled to balance 
any possible moisture losses incurred by the seed during the 
evacuation of the tubes. 
After being filled with the desired gas, the tubes were 
cut from the manifold with a gas-oxygen torch to obtain an all 
glass seal. To facilitate mild implosion of the molten glass, 
a pressure 5 mm below atmospheric was drawn on the manifold 
and the tubes after admission of the desired gas or gas mix­
ture. 
Ten tubes containing the dried seed at each specified 
moisture content and stored in each specified atmosphere were 
stored at 50° 0, a temperature chosen to accelerate deteriora­
tion of the stored grain. At several intervals, duplicate 
samples of seed were withdrawn from storage and subjected to 
growth tests and chemical analyses. Other seed lots were 
stored at 1° and 20° 0. .These will be used in later studies. 
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Growth Analyses 
To obtain relatively uniform germination and growing con­
ditions throughout the entire investigation, seedlings from 
seed from the drying and storage trials were grown in a regu­
lated growth chamber at a temperature of 30° 0. 
Twenty-five seeds from each sample were planted with the 
embryo up at a depth of 2 cm in 7 cm of a medium grade, un-
sterilized vermiculite soil conditioner in metal flats. One 
hundred seeds were planted in each 34 cm by 50 cm flat. Since 
the chamber size permitted the use of three such flats at each 
growth trial, the seeds from each sample were distributed 
among the flats to minimize variation. Extraneous variation 
was further reduced by daily repositioning of the flats within 
the chamber. 
It was experimentally determined that the vermiculite 
medium would hold 5 pounds of water per pound of medium and 
would support seed germination and seedling growth with a 
moisture content of 2.pounds of water per pound of medium. 
Arbitrarily, the seeds were germinated in the medium with a 
moisture content of 3.5 pounds of distilled water per pound 
of vermiculite, and the water content of the medium was main­
tained throughout the germination and growing period by the . 
daily addition of distilled water to the flats. The seedlings 
were grown under a 24 hour photoperiod. 
Emergence and maximum seedling height measurements were 
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made at 4, 6, 8 and 10 days after planting of the seed. The 
seedlings were harvested on the 10th day and the total fresh 
weight of the tops of the seedlings from each sample was ob­
tained. Thus, emergence and survival counts, maximum seedling 
height, growth increments of the second and third seedling 
leaves and seedling fresh weight at 10 days from planting were 
obtained for the analysis of the vigor of the dried and stored 
seeds. The use of seedling emergence as a viability index 
constituted a somewhat more rigorous test than the usual blot­
ter -germination assay, but the value obtained would more near­
ly approximate the field performance of the grain. Emergence 
and maximum height values of the seedlings as well as average 
seedling fresh weight are reported. In all growth trials, 
check samples of sound commercial seed com of the same vari­
ety as the stored grain were grown to evaluate the performance 
of the growth chamber. 
Chemical Analysis Procedures 
Sample preparation 
At each sampling period, duplicate samples were taken 
from storage, removed from the glass tubes and transferred to 
one ounce screw capped bottles. Approximately 11 g of seed 
were taken for chemical analysis. The remaining space in the 
bottle was filled with dry plugging cotton, the cap was re­
placed, and the bottle containing the remaining seed was 
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stored at a temperature of -20* 0 pending growth analysis of 
the sample. 
The whole grain sample was ground in a semi-micro Wiley 
mill to reduce most of the seed to a size to pass a AO mesh 
screen. The use of a longer grinding period or a finer screen 
resulted only in heating of the ground meal and did not mate­
rially enhance the accuracy of the subsequent analytical pro­
cedures. The ground sample was mixed and transferred to small 
screw capped vials. 
In rapid succession, 2 g samples were withdrawn from the 
vial and transferred to an aluminum pan for moisture determin­
ation, to a 40 ml heavy wall centrifuge tube for the cold acid 
extraction of the phosphate fractionation procedure, to 250 ml 
glass stoppered flasks for peroxide and free fat acidity ex­
tractions and to a second 40 ml centrifuge tube for total fat 
analysis. The use of tightly capped containers and a uniform 
sample preparation procedure minimized the variation traceable 
to sample preparation. 
Free fat acidity 
Since the increase in the free fatty acid content of 
grains during storage has been used as an index of deteriora­
tion and has been attributed primarily to lipolytic activity 
of infecting microorganisms, it was decided to assay the free 
fat acidity of the samples stored at the low moisture levels 
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of this investigation. 
Since only 2 g of meal were available for the analysis 
of free fat acidity of the grain and since time saving was 
important to permit other analytical procedures to be per­
formed, it was necessary to develop a rapid semi-micro method 
for the determination of the free fat acidity of the grain. 
The method employed in this investigation was derived 
from the AOAC (4)-official rapid method for com. The 2 g 
sample in a glass stoppered erlenmeyer flask was extracted.for 
30 minutes with 30 ml of benzene on a mechanical shaker. At 
the end of the extraction period, the resulting suspension 
was allowed to settle for 3 minutes, the extract was clarified 
by centrifu'gation and 25 ml of the clarified extract were 
transferred to a 250 ml erlenmeyer flask. Twenty-five milli­
liters of 95 per cent ethanol containing 0.04 per cent phenol-
phthalein were added to the extract, and the free fatty acids 
were titrated to the phenolphthalein end point with 0.01 to 
0.02 H potassium hydroxide. The alkali was delivered from a 
10 ml semi-micro burette and was standardized periodically 
against potassium acid phthalate. The entire titration system 
was protected against carbon dioxide absorption by the appro­
priate placement of soda lime tubes. 
The value obtained from the titration of the seed extract 
was corrected for a reagent blank, and the findings are re­
ported as milligrams of potassium hydroxide required to neu-
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trailze the free fatty acids extracted from 100 g of corn on 
a dry weight basis, a value which has been.designated as the 
free fat acidity index. 
The results of one preliminary application of the semi-
micro rapid method for the determination of free fatty acids 
in corn to three samples of grain of unknown history found in 
the laboratory are shown in Table 2. The results of this and 
other trials indicated that the method was satisfactory and 
reproducible though subject to more error than the official 
rapid method. 
Table 2. A preliminary testing of the rapid semi-micro method 
for the determination of free fat acidity in yellow 
com. Results of two analyses on the same material 
are shown. 
Sample N KOH Ml KOH Fat acidity 
description index 
Old grain 0.022 0.65 50.4 
0.022 0 .68  50.4 
Carmelized grain 0.022 0.05, 3.9 
0.022 0,05 3.9 
Rancid grain 0.022 6 .05  488.0 
0.022 6.15 494.0 
Peroxide determinann 
Efforts to use the AOAC (4) iodometrie method for perox­
ide determination with the 2 g sample of meal available for 
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analysis were improductive ; however, preliminary experimenta­
tion indicated that the colorimetrie procedure of Hills and 
Thiel (37) would be suitable. 
In the latter method, as used, 2 g of meal were extracted 
with 50 ml of benzene-methanol (7:3) mixed solvent for 30 
minutes on a mechanical shaker. The suspension was clarified 
by centrifugation, and triplicate 10 ml aliquots were trans­
ferred to colorimeter tubes.. The color was developed by drop-
wise addition of the ferrous chloride and ammonium thiocyanate 
reagents. After 10 minutes, the deep red ferric thiocyanate 
color was read against solvent and reagent blanks in a Klett-
Summerson industrial model colorimeter with the green filter. 
The reading from the extract was corrected for the very 
small absorption of the yellow extract and interpreted from 
a standard curve prepared from a ferric chloride solution. 
The standard ferric chloride solution containing 0.1 mg of 
ferric iron per ml was prepared from a reagent grade of ferric 
oxide. The ferric oxide was dried for one hour at 100° 0, and 
a sufficient quantity of the reagent to yield a final solution 
of the desired concentration was dissolved in 10 N hydro­
chloric acid to yield a final concentration of 1 N in the 
standard solution. Five milliliters of 30 per cent hydrogen 
peroxide were added to the solution to oxidize any ferrous 
iron present, and the excess hydrogen peroxide was removed by 
heating the solution to boiling. The standard solution was 
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made to final volume, and aliquots were taken to prepare the 
standard curve. 
The data shown in Table 3, obtained from a preliminary 
trial with duplicate samples of the same seed used to assay 
the modified method for free fat acidity determination, indi­
cated that the colorimetric procedure would give acceptable 
results. 
Table 3. A preliminary testing of the modified Hills and 
Thiel procedure for the determination of peroxides 
in yellow corn. Results of two analyses on the 
same seed sample. 
Sample description P-g of Fe oxidized per gram of seed 
Old graiy 3.36' 
3.36 
Caramelized grain 207-50 
207.50 
Rancid grain 173.80 
176.20 
The original procedure appeared to function well for the 
assay of peroxide formation in seed stored with a moisture 
content of 8 per cent. The color development became maximal 
in 10 minutes and increased further at a rate only slightly 
greater than the reagent sample. However, when the procedure 
was applied to the grain stored at the lower moisture levels, 
it became apparent that some substance in the grain was c.aus-
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ing inconsistent readings and indeterminate end point develop­
ment. The carotenoids were suspected, and trials were per­
formed with a white corn. The data depicted in Figure 1 
indicated normal behavior with the extract from the non-
pigmented grain. A trial, depicted in Figure 2, with beta-
carotêne confirmed the role of at least this substance in 
influencing the peroxide colorimetry. 
Efforts to correct the values obtained from the grain 
stored with the lower moisture contents by graphic extrapola­
tion were unsatisfactory; however, it was found that the pig­
ments and other interfering substances could be removed from 
a benzene extract on an aluminum oxide column. In this re- • 
vised procedure, the 2 g sample of meal was extracted with 25 
ml of benzene on a shaker and the suspension was clarified by ' 
centrifugation. The extract was passed through a 1 cm by 2.5 
cm column of chromatographic grade aluminum oxide, and the 
first 7 ml of eluate were transferred to colorimeter tubes. 
Three milliliters of methanol were added to each tube, and the 
color was developed in the manner previously described. The 
color development pattern of the chromâtographed extract shown 
in Figure 1 was similar to the pattern exhibited by the white 
corn extract. 
Experiments performed with a cottonseed oil sample which 
normally yielded high peroxide values, resulted in the obtain­
ing of reduced readings on the chromatographed benzene solution 
Figure 1. Colorimetric behavior of seed extracts 
Figure 2. Colorimetric behavior of p-carotene 
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of the oil. An assay for free fat acidity of the oil in both 
chromatographed and normal solutions of the oil revealed that 
the aluminum oxide removed the acids from the extract. There­
fore, the revised procedure probably yields peroxide readings 
on the intact fats of the seed and is more useable for detect­
ing early phases of peroxide development rather than for eval­
uating total formation. 
Total fat content 
Total fat analyses were made to obtain a basis for inter­
preting the results obtained from other lipid analysis pro­
cedures and to ascertain the role of gross changes in the fat 
fraction of the seed during storage. 
The AOAO (4) method for total fat by acid hydrolysis was 
adapted to this investigation. The hydrolytic procedure was 
used virtually unchanged; however, the hydrolysis with 8.3 I 
hydro chloric acid was performed in 40 ml glass centrifuge 
tubes held in a water bath at a temperature of 75° C. At the 
end of the 30 minute hydrolysis, 10 ml of 95 per cent ethanol 
were added to the hydrolyzate, and the mixture was cooled to 
room temperature. 
The mixture was extracted 5 times with 10 ml portions of 
the diethyl ether-petroleum ether (1:1) organic solvent by 
stirring the mixture with a high speed air driven stirrer. 
After the aqueous and organic phases were separated by centri-
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fugation, the organic phase was pipetted off and passed 
through anhydrous sodium sulfate in a glass funnel with the 
stem plugged with a small pledget of cotton. The filtrate was 
caught in a small glass vial suspended below the stem tip of 
the funnel in a heated vacuum flask. Filtration and evapora­
tion of the solvent from the extract were expedited by applying 
a vacuum to the flask and by heating the flask. 
When the organic solvent was removed, the vial containing 
the crude fats was dried at 100° 0 for 90 minutes, and the 
total fat content of the seed was determined gravimetrlcally. 
The results of the fat determinations are reported in the 
customary form of percentage fat on a dry weight basis. 
Carotenold analysis 
Since the pigments were quantitatively extracted in the 
subsequently described phosphate fractionation procedure, they 
were determined colorimetrically. The ethanol-diethyl ether 
(1:1) extract containing the carotenold pigments was made to 
a volume of 50 ml, and the yellow color was read against a 
solvent blank in the ICLett-Summerson colorimeter fitted with 
the blue filter. Since the pigment fraction consisted of a 
mixture of several carotenoids, and since no effort was made 
to separate them, the data are reported simply as the Klett-
Summerson scale reading per gram of seed on a dry basis. 
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Phosphate fractionation and analysis 
Since the phosphate compounds appear to be involved in 
virtually every metabolic process, an examination of thé major 
phosphate fractions was undertaken to obtain an overall view 
of the damage to metabolism of the seed inflicted by the dry­
ing and storing procedures. 
Several phosphate fractionation procedures appear in the 
literature. One of the earliest and simplest techniques is 
the method devised by Schneider (64). Klein (44)•successfully 
applied Schneider's technique to the analysis of the phosphate 
fractions in crown gall tissue of tomato. Like Schneider's 
procedure, the method.devised by Ogur and Rosen (76) was de­
signed primarily to effect the separation and analysis of the 
nucleic acids. Rather complex procedures for the analysis of 
the phosphate compounds of animal tissues have been reported 
by Greenberg (34) and Umbreit et al. (74). 
The initial procedure used in this investigation followed 
basically Klein's modification of the Schneider procedure. 
The 2 g sample of meal was extracted with 10 ml of 10 per cent 
trichloroacetic acid (TOA) at 3° 0 and by four additional 5 ml 
portions of 5 per cent TOA at the same temperature. At first 
the samples in 4o ml centrifuge tubes were kept in a refriger­
ator and stirred occasionally; later, they were kept in an ice 
bath and stirred frequently. In the latter procedure, a 10 
minute extraction with 10 per cent TOA followed by four 5 
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minute extractions with 5 per cent TOA yielded consistently 
98.8 per cent to 99.2 per cent of the cold acid soluble phos­
phate, whereas, the former procedure yielded about 97.1 per 
cent of the phosphate compounds. 
The cold acid extracts were separated from the meal by 
centrifugation and combined. Sufficient magnesium chloride 
or a magnesium nitrate and ammonium chloride mixture was added 
to the extract to yield a 2.4 per cent solution of the magne­
sium salt. The acid extract containing the dissolved magne­
sium salt was brought to a pH of 8.2 by the addition of 
ammonium hydroxide to a phenolphthalein endpoint, and the 
precipitate, consisting largely.of phytin and inorganic phos­
phate, was allowed to form at 3° 0. Repetition of the pre­
cipitation procedure did not improve the effectiveness of the 
separation. 
Efforts to separate the phytin and inorganic phosphate 
by the method of McCance and Widdowson (56) yielded results 
which were inconsistent and not quantitative. In addition, 
the procedure involved heating the precipitate in acid solu­
tion, a procedure deemed liable to hydrolyze labile phosphate 
compounds and thus to yield unrealistic values for inorganic 
phosphate. 
However, the procedure developed by Michel-Durand (57) 
effected quantitative separation of the phytin from the in­
organic phosphate. In this procedure, the precipitate from 
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the pH 8.2 separation was redissolved in 10 ml of cold 10 per 
cent TOA. An equal volume of 25 per cent (tf/V) calcium ace­
tate was added to bring the final pH of the solution to 5.1 
and to effect precipitation of the phytin. The resulting pre­
cipitate was allowed to form at 3° 0 for 10 minutes and was 
separated by centrifugation. Since a single precipitation at 
pH 5.1 resulted in the separation of only about 60 per cent of 
the inorganic phosphate, it was necessary to redissolve the 
precipitate in 10 ml of cold 10 per cent TOA and to repeat the 
precipitation. In this manner, 98 to 99 per cent of the in­
organic phosphate separated into the pooled supernatant and 
all the phytin appeared in the second precipitate. 
The residual meal from the cold acid extraction was ex­
tracted with ethereal solvents to give the lipid phosphates. 
The Soxhlet procedure employed by Klein (44)- failed to effect 
quantitative removal of the lipid material; therefore, the 
original extraction procedure used by Schneider was employed. 
The residual, acid extracted meal was resuspended in 1 ml of 
water and 4 ml of 95 per cent ethanol were added. The result­
ing suspension of meal in 80 per cent ethanol was stirred con-
tinously for 1 minute and separated by centrifugation, and the 
extraction was repeated in a similar manner with three sepa­
rate 5 ml portions of 95 per cent ethanol. The residue from 
the ethanolic washings was extracted with a diethyl ether-
ethanol (1:1) mixed solvent at a temperature of 55° 0 with 
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frequent stirring. Six 4 minute extractions with 8 to 10 ml 
of solvent completed quantitative removal of the phospholipids 
and the carotenold pigments. 
The residual meal from the organic extraction procedure 
was further extracted 3 times with 10 ml aliquots of 5 per 
cent TOA at 90° C. The hot acid extract containing the nu­
cleic acid hydrolytic products -was separated at each extrac­
tion by centrifugation, and the hot acid extracts were com­
bined to yield the nucleic acid phosphate of the seed. 
Finally, the remaining residue from the extraction pro­
cedures was wet ashed to yield a value for the residual pro­
tein bound phosphate of the seed. The entire initial phos­
phate fractionation procedure is depicted schematically in 
Figure 3. 
A value for the total phosphate content of the grain was 
obtained by ashing .the residue from the moisture determination. 
Because of its simplicity, a wet digestion procedure was 
chosen for ashing the various phosphate fractions. -Initially, 
the various extracts, precipitates and meal residues were 
transferred quantitatively to 100 ml Kjeldahl flasks and wet 
ashed for 18 hours in a sand bath at a temperature of 200* C, 
with 5 ml of concentrated sulfuric acid, 10 ml of concentrated 
nitric acid and 2 ml of 70 per cent perchloric acid (PCA). 
Since the fraction containing the inorganic phosphate, 
the supernatant from the separation performed at pH 5.1, also 
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Figure 3. Initial phosphate fractionation procedure 
36 
contained large amounts of calcium, a voluminous calcium sul­
fate precipitate formed during the digestion process. The 
inorganic phosphate of the digestate was trapped in the cal­
cium sulfate precipitate and could not "be freed for colorimet­
ric estimation. Subsequently, the sulfuric acid was eliminated 
from the wet ashing procedure. 
In the revised procedure, the digestion was accomplished 
with 5 ml of 70 per cent PGA and 8 ml of concentrated nitric 
acid. Digestion of the organic material and removal of the 
excess nitric acid was accomplished in 12 hours, and no un­
desirable precipitates were formed. 
It was necessary to exercise care in performing the wet 
ashing of the alcoholic extract, the hot acid extract con­
taining the nucleic acid residues, and the whole meal from the 
moisture determination. It was imperative to evaporate all of 
the organic solvent from the lipid extract to prevent explo­
sive reaction upon addition of the concentrated nitric acid. 
In the case of the latter two fractions, it was necessary to 
remove the flasks from the heat source when the initial reac­
tion with the acids began, since continued heating encouraged 
violent reaction and loss of material from the flasks by boil-
over . 
When the digestion was completed, the clear digestates 
were diluted to suitable volumes for colorimetric estimation _ 
of the phosphate content of each fraction. In the initially 
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used procedure all of the dlgestates were diluted to 100 ml 
except the fraction containing phytin and the digestate from 
the wet ashing of the residue from the moisture determination. 
The latter fractions were diluted to 500 ml. 
Since the diluted dlgestates from the wet ashing proce­
dure were highly acid, some difficulty was experienced in 
obtaining a colorimetric method for the estimation of the 
phosphate content of each fraction. The AOAC (4) official 
method which employed hydroquinone as a reducing agent was 
ineffective at the low pH values encountered in the solutions. 
The method of Fiske and Subbarow (50) as modified by King 
(50) and adapted to plant material by Ward and Johnston (75) 
was found to be effective in the colorimetric determination of 
the phosphate content of the dlgestates. However, color in­
tensification continued beyond the specified 10 minute devel­
opment period, and the color intensity was affected by varia­
tions in room temperature and was inhibited by trace amounts 
of nitric acid left from the wet digestion procedure. 
When it became apparent that the grain stored with mois­
ture contents below 8 per cent was not deteriorating at a 
rapid rate, effort was expended to evaluate and refine the 
phosphate fractionation procedure. In addition, failure of 
inorganic phosphate yields to be commensurate with other find­
ings in early analyses and the lack of a determinate end point 
in the initially used colorimetric procedure used for phos­
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phate estimation cast doubt upon the reliability and validity 
of data obtained from the early analyses. Effort was expended 
to obtain separation of deoxyribonucleic acid (DNA) and ribo­
nucleic acid (RNA) by the Ogur-Rosen procedure (76) and to 
assay the high energy phosphate content of the seed by means 
of 7 minute hydrolysis in 1 N hydrochloric acid at 100* 0, and 
to improve the colorimetric procedures. 
The method of Webb and Levy (77) using para-nitrophenyl-
.hydrazine was employed to assay the presence of DNA in the 
cold POA extracts obtained from the Ogur-Rosen procedure. It 
was found that after 2 hours small amounts of DNA appeared in 
the cold acid extract and that after the recommended 18 hour 
hydrolysis, 8 to 10 per cent of the DNA was extracted, a value 
amounting to about 25 per cent of the total phosphate of the 
cold POA extract. When the application of the improved phos­
phate fractionation and colorimetric procedures revealed that 
no significant change in the nucleic acid phosphate occurred 
during storage of the grain, further effort to separate the 
two components was abandoned. 
However, since the separation of the residual meal from 
the hot POA extract by centrifugation was more effective than 
separation from the hot TOA extract of the Schneider proce­
dure, the hot POA procedure was retained. In the improved 
procedure, the residual meal from the diethyl ether-ethanol 
solvent extraction was extracted 3 times in 1 N POA for 20 
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minutes at a temperature of 80° C. The hot acid extracts were 
combined and wet ashed to yield the total nucleic acid phos­
phate content of the grain. 
Since the use of POA in the Ward and Johnston colorimet­
ric procedure (75) negated employment of the method for the 
analysis of acid labile phosphates of the various sub-frac­
tions of the cold TOA extract, it was necessary, therefore, to" 
derive a more suitable technique. 
The method of Lowry and Lopez (50) which employs reduc­
tion of phosphomolybdic acid at pH 4 with ascorbic acid failed 
to yield determinate end points. In addition, the method re­
sponded unfavorably to the varied acid contents of the cold 
acid sub-fractions, though efforts were made to adjust the 
strength of the buffers used in the procedure. 
However, the procedure of Berenblum and Chain as modified 
by Martin and Doty (50), which utilizes extraction of the 
phosphomolybdie acid into an organic solvent system followed 
by reduction to the molybdenum blue complex with stannous 
chloride, yielded stable end points. In addition, once the 
extraction of the phosphomolybdie acid was performed, no 
further change in the phosphate reading was induced by subse­
quent appearance of inorganic phosphate in the aqueous sample. 
It was found that the 10 N sulfuric acid of the original 
modified procedure of Martin and Doty could be replaced by 7 
N hydrochloric acid. As a result, when the specified 0.5 ml 
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aliquot of 7 N hydrochloric acid was added to the 3 ml sample 
to be analyzed, the desirable 1 N hydrochloric acid concentra­
tion for the 7 minute hydrolytic assay was attained. Since 
the phosphomolybdie acid was extracted from the sample one 
minute after addition of the hydrochloric acid, hydrolysis of 
the labile phosphate compounds was minimized. 
Initial assays employing the revised Martin and Doty 
modification of the colorimetric procedure of Berenblum and 
Chain were performed on duplicate samples from the supernatant 
of the magnesium precipitation at pH 8.2 and on both the dis­
solved precipitate and the supernatant from the separation 
performed at pH 5.1 after each sub-fraction of the cold TOA 
extraction had been made to a suitable volume. Very high 
phosphate readings obtained from the supernatant of the pH 
8.2 separation indicated either, that the magnesium was not 
effecting quantitative precipitation of the Inorganic phos­
phate, that some very labile phosphate compound was being 
hydrolyzed after the precipitation was performed, or that 
arsenates or silicates were contained in the supernatant. 
To ascertain the nature of the source of the high read­
ing, the various sub-fractions of the cold TCA extract were 
subjected to one directional paper chromatography in test 
tubes, using Whatman number 1 paper strips, a butanol and 
ammonium hydroxide solvent system, and a hydrogen sulfide 
detection procedure. The chromatographic analysis of the 
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fraction indicated that arsenomolybdic and silicomolybdic 
acids were not extracted in any detectable quantity by the 
organic solvent system of the colorimetric procedure. Since 
hydrolysis of labile phosphate compounds seemed unlikely in 
the cold extract, it appeared likely that the inorganic phos­
phate was not being quantitatively precipitated by the magne­
sium salt in the pH 8.2 separation procedure. 
The results of a trial separation of the cold TCA extract 
containing an added trace of radioactive phosphorous as ortho-
phosphate, shown in Table 4, confirmed the failure of the mag­
nesium precipitation procedure. The supernatant and the dis­
solved precipitate from the magnesium precipitation at pH 8.2 
were made to a volume of 50 ml, duplicate 2 ml aliquots were 
evaporated on stainless steel planchets, and the activity of 
each aliquot was assayed and corrected for background radia­
tion. The results of additional experiments shown in Table 4 
indicated that calcium was superior to both barium and magne­
sium in the pH 8.2 separation procedure; consequently, in the 
revised procedure, calcium chloride dihydrate was substituted 
for the magnesium salts, and the separation was performed as 
described previously. Further experiments with the radiotracer 
and colorimetric analysis indicated that 98 to 99 per cent of 
the inorganic phosphate was precipitated by the calcium salt 
at pH 8.2. 
Since trials with viable and with dead seed failed to 
42 
Table 4. Effectiveness of magnesium, barium and calcium salts 
in precipitating inorganic phosphate at pH 8.2 from 
a cold TCA extract of com containing added amounts 
of P^ 2 The results of two experiments with each 
salt are shown. 
Salt Activity of 2^ 2 Percentage of P^ 2 
Supernatant Precipitate in supernatant 
c/m c/m 
MgClg 3150 3650 46.4 
1250 5375 18.9 
BaClg 225 3500 6.0 
225 3500 6.0 
CaCl^ ) 132 4658 2.8 
121 • 4998 2.4 
show the presence of acid labile phosphate in the supernatant 
from the separation at pH 8.2, this assay was not performed 
during this investigation. The revised phosphate fractiona­
tion procedure is depicted schematically in Figure 4. 
It was found that the colorimetric procedure of Chen et 
al. (21), which utilizes ascorbic acid to reduce the phospho­
molyb die acid, yielded stable end points and was Insensitive 
to temperature variation during color development and to trace 
quantities of nitric acid. In addition, the method was four 
times more sensitive than the Ward and Johnston procedure (75) 
when color readings were obtained with the Klett-Summerson 
colorimeter. 
The only modifications which were made to the procedure 
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Figure 4. Revised phosphate fractionation procedure 
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were the use of 5 N sulfuric acid rather than the specified 
6 N sulfuric acid to reduce the possibility•of interference 
by high acid content of the dlgestates, and the use of poly­
ethylene patches held in place with rubber bands to cap the 
colorimeter tubes during the two hour color development period. 
Thus, colorimetric procedures for the acid labile phos­
phate compounds and inorganic phosphate and for the total 
phosphate content of the wet ashed fractions yielded data sub­
ject only to normal experimental error such as error in sam­
pling. The combination of effective fractionation and 
reliable colorimetry resulted in obtaining valid data during 
the latter phase of the investigation. 
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EXPERIMENTAI RESULTS 
Drying Studies 
The results from two drying experiments are reported, an 
initial assay of the vacuum drying procedure and the effects 
of the bulk drying procedure. 
Initial trial 
In the initial experiment the drying cycle was initiated 
with 10 samples each consisting of 25 g of seed carried in a 
screen basket. At the 8, 6, 4, 2 and zero per cent moisture 
levels of the drying grain, duplicate samples were withdrawn 
from the vacuum oven for subsequent viability and vigor anal­
yses. The drying rate for this initial study is shown in 
Figure 5. 
The samples withdrawn at the indicated times were sub­
jected to growth analysis. The results of the analysis appear 
in Table 5. 
Although no loss of germination occurred, the results 
shown in Table 5 indicated that drying of the seed in vacuo at 
50° 0 caused some vigor losses in the grain. Drying to the 4 
per cent moisture level did not cause a significant reduction 
in growth performance of the seedlings; however, some damage 
to the vigor of the seed dried to 2 per cent moisture content 
was evidenced by reduced seedling growth at the 5 day measure-
Figure 5. Drying rates of seed dried in vacuo at 50° 
A. Initial trial 
B. Bulk drying procedure 
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Table 5. Results of the initial assay of the effect of vacuum 
drying on the viability and vigor of maize. The 
initial moisture content of the seed was 9.8 per 
cent. 
Seed Drying Ger- Average height of seedlings Average 
mois- period mina- fresh, 
ture tion 5 days 8 days 11 days 14 days weight 
% Days % cm cm cm cm g 
8 0.08 100 5.1 18.3 29.6 34.7 1.433 
6 0.56 100 5.0 18.7 30.5 33.5 1.485 
4 2.70 100 5.3 20.0 28.7 35.1 1.420 
2 7.23 100 4.8 18.9 30.4 35.8 1.393 
0 31.70 100 4.1 16.2 27.3 32.2 1.236 
aSeedlings harvested 14 days after planting. 
ment period, although the loss appeared to be compensated dur­
ing later seedling growth. An appreciable reduction in vigor, 
evidenced by reduced seedling growth and fresh weight, ap­
peared only in the seed dried for 32 days to the zero per cent 
moisture level. 
Bulk drying procedure 
Following the Initial evaluation of the drying procedure, 
bulk drying of the grain for subsequent storage was begun. In 
the bulk drying procedure, 62 samples of grain carried in wire 
mesh baskets were dried in two identical vacuum ovens. The 
samples were dried to the desired moisture content, calculated 
from the air oven moisture determination, and removed for 
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storage. A composite drying rate curve drawn from the mois­
ture determinations performed during the four drying runs 
appears in Figure 5. 
As the bulk drying of the seed to each moisture level was 
completed, postdrying samples were subjected to viability and 
vigor analyses. The results of these analyses are shown in 
Table 7. Since the growth analyses of the postdrying sample 
at each moisture level were conducted in different growth 
chamber trials, at a later date samples from each moisture 
level were withdrawn from storage at -20 e C and subjected to 
growth testing in a single experiment in the growth chamber. 
The results of the latter evaluation are shown in Table 6. 
In the bulk drying, germinability of the seeds did not 
appear to be affected by drying to a 4 per cent moisture con­
tent. However, at the 2 per cent moisture level germination 
was delayed and at the zero per cent moisture level viability 
was reduced. Although germination was not affected by drying 
of the seed to 4 per cent moisture, some vigor losses occurred. 
Further losses in vigor were induced by continued drying; how­
ever, seedling recovery during early growth occurred in all 
samples showing drying induced vigor losses. The differences 
shown between the data of Tables 6 and 7 may be the result of 
individual sample variation, since Struve (68) found that 
vigor losses incurred during cold storage were negligible. 
An examination of the drying curves for the seed used in 
50 
Table 6. Germinab111ty and vigor of maize dried to storage 
moisture levels. One sample at each moisture level 
except two samples at the zero per cent moisture 
level. 
Mois- Emergent seedlings Average height of Average 
ture seedlings fresh 
4 da 6 da 8 da 10 da 4 da 6 da 8 da 10 da weight 
% % % % % All as per cent of check 
8 96 96 96 96 100 98 96 94 88 
4 100 100 100 100 89 92 94 94 85 
2 80 96 96 100 82 85 86 85 74 
0 80 82 82 82 73 79 85 85 72 
the initial assay and for the seed dried for storage reveals 
some interesting behavior. The bulk drying procedure, with 
the large mass of grain being dried, required more time to 
reach each moisture level, particularly with the lower mois­
tures; moreover, the initial moisture content of the grain was 
higher. 
The drying process showed three phases which were an 
initial rapid drying phase, a transitory phase and a slow 
finishing phase. Although the initial seed moisture and the 
length of the drying process differed in the two tests, the 
inflections in the drying curves appeared at approximately the 
same positions, the 6 per cent and 2 per cent moisture levels. 
In each, the major portion of the drying period was required 
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to reduce the moisture content of the seed from 2 per cent to 
zero, and the pronounced vigor losses associated with the dry­
ing process were induced during this phase of the drying. 
Prom these and other results we may deduce that moisture 
above 4 per cent was essentially free and was easily removed. 
Moisture at 2 per cent and below is considered to be physi­
cally bound by adsorption forces to the constituents of the 
grain. A transition from relatively free to increasingly 
bound water is indicated between 4 and 2 per cent. 
Growth Analyses 
General observations 
Several general observations regarding -the effect of 
storage on the growth performance of seedlings grown from the 
stored grain merit consideration. 
Within any one sample, the resistance of individual seeds 
to storage induced deterioration appeared to evidence a Gaus­
sian type distribution. Some individual seeds perished very 
quickly; whereas, others resisted storage deterioration and 
yielded nearly normal seedlings after prolonged storage. The 
major portion of the seed sample was distributed between the 
two extremes. 
With increasing storage periods seed lots stored at all 
moisture and gas levels showed a similar sequence of injury 
symptoms. Injury showed first as slow germination, with the 
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delayed plants tending to overtake the earlier, less injured 
individuals. In the second stage the injury extended to the 
rate of seedling growth as well as of initial germination, 
and, finally, germinability declined, eventually reaching zero 
with death of the seeds. In some samples showing advanced 
deterioration, dwarfism occurred. Subsequently, misshapen, 
underdeveloped shoots were produced, .and, ultimately, the 
epicotyl appeared to be only a bit of undifferentiated tissue. 
• The seminal root system appeared to be more resistant to 
growth aberrations. In numerous instances in the later phase 
of deterioration, a good seminal root system would develop 
from a seed, but no differentiated shoot tissue would form. 
Eventually, as storage progressed the growth of the seminal 
root system declined and germination failed. 
In addition, a loss of negative geotropic response of the 
shoot occurred during the growth reduction phase. Occasion­
ally, a coleoptile covered shoot meandered 4 or 5 cm beneath 
the surface of the medium before emerging. In some instances 
the shoot actually grew downward into the vermiculite. Since 
meandering shoots turned upward abruptly when the stem apex 
appeared at or near the surface of the medium, reversal of the _ 
loss of geotropic response appeared to be photoresponsive. 
The aberrations in growth of the seedlings suggest that 
deterioration of growth controlling factors such as indole-
acetic acid may have been a significant factor in the loss of 
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viability and vigor in maize stored under the conditions of 
this investigation. 
Healthy seed appeared to be resistant to microbiological 
attack. However, as storage induced damage increased, seeds 
which did not germinate early became heavily infected with 
molds. In contrast, when seed stored in 100 per cent oxygen 
lost its viability, it did not develop a mold flora, although 
the seeds imbibed water normally. Apparently, the effects of 
the oxygen which caused the death of the seed also caused the 
death of the seed borne organisms. 
Growth chamber trials 
The data obtained from the analyses of the viability and 
vigor of the dried and stored grain are shown in Table '7. In 
addition, the progress of deterioration of the seeds measured 
by the seedling performance at each moisture and gas level is 
depicted in Figures 6 through 18. Viability was evaluated as 
the number of emergent surviving seedlings 10 days after 
planting, and vigor was evaluated as a percentage of the 
growth of check samples included in each trial. 
Several general observations may be obtained from an ex­
amination of the growth performance data. For example, in all 
trials, losses in vigor appeared before reductions in viabil­
ity. 
The storage longevity of the seed was inversely related 
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Table 7. Viability and. vigor of maize dried and store'd at 50° 
0. Results averaged from duplicate 25 seed samples 
at each sampling period. 
Seed Oxy- Storage Ger- Avg. height of seedlings Avg. 
mois- gen period mina- 4 da 6 da 8 da 10 da fresh 
ture tiona weight 
% % Days % All as per cent of check 
8b mm — 0 99. 107 97 98 100 100 
8 100 16 90 83 88 96 104 100 
8 100 41 74 39 61 81 92 87 
8 100 60 10 0 0 7 . 10 4 
8 20 67 40 0 9 15 19 15 
8 5 ' 69 0 0 0 0 0 0 
8 0 72 0 0 0 0 0 0 
4* • mm 0 93 94 97 99 102 91 
4 100 68 96 66 77 84 94 89 
4 100 134 64 49 58 62 74 77 
4 ' 100 158 76 41 53 57 67 69 
4 100 334 2 0 4 7 7 5 
4 20 
-77 92 80 83 85 88 88 
4 20 140 80 74 77 82 85 72 
4 20 209 73 67 73 82 84 67 
4 20 336 66 46 65 74 74 56 
4 5 103 97 80 82 85 88 80 
4 5 161 84 70 73 77 83 67 
4 5 340 51 43 49 54 65 48 
4 0 108 88 76 82 84 89 81 
4 . 0 166 80 70 73 80 82 72 
4 0 346 51 49 54 58 63 46 
2b — «W 0 91 88 92 88 89 85 
2 100 91 84 72 66 70 83 79 
2 100 120 76 57 51 51 53 44 
2 100 142 68 40 48 51 47 34 
2 100 330 14 32 33 44 43 32 
2 20 92 90 81 87 92 92 81 
2 20 123 82 74 80 82 79 76 
2 20 332 46 . 51 64 72 77 66 
S^eedlings surviving 10 days after planting of seed, 
b Postdrying samples. 
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Table 7 (Continued). 
Seed Oxy­ Storage Ger- Avg. height of seedlings Avg. 
mois­ gen period mina- 4 da 6 da 8 da 10 da fresh 
ture tiona " weight 
% % Days % All as per cent of check 
2 5 97 92 84 86 83 94 88 
2 5 160 86 81 80. 81 91 83 
2 5 335 64 . 74 71 75 82 68 
2 0 98 90 72 83 84 89 82 
2 0 162 80 74 83 81 85 77 
2 0 339 60 72 72 76 83 67 
ob — • 0 90 72 76 80 86 82 
0 100 28 88 67 72 78 79 80 
0 100 62 86 62 67 70 74 73 
0 100 268 6 0 0 5 13 5 
0 20 30 92 75 80 82 84 79 
0 20 101 88 66 67 72 76 74 
.0 20 270 68 46 58 67 73 57 
0 5 32 94 • 78 80 82 86 82 
0 5 102 84 76 76 81 85 79 
0 5 271 72 71 72 79 84 75 
0 0 34 91 74 83 86 89 82 
0 0 115 78 70 79 83 87 73 
0 0 272 58 59 . 67 75 82 67 
to the moisture content of thé seed. Virtually all of the 
seed stored with a moisture content of 8 per cent was dead 
after 10 weeks, but much of the seed stored with lower mois­
ture contents survived a year of storage. Damage incurred 
during drying tended to offset the advantage gained by reduc­
ing the moisture content of the seed below about 2 per cent. 
Storage in 100 per cent oxygen was universally deleteri­
ous to preservation of the viability and vigor of the seed. 
Figure 6. Viability and vigor of seed containing 8 
per cent moisture stored in 100 per cent 
oxygen 
A. Viability 
B. Average maximum seedling height at 
4, 6, 8 and 10 days after planting, 
and average fresh weight on the 
tenth day 
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Figure 7. Viability and vigor of seed containing 
4 per cent moisture stored in 100 per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 8. Viability and vigor of seed containing 
4 per cent moisture stored in 20 per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 9- Viability and vigor of seed containing 
4 per cent moisture stored in 5 per cent 
oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 10. Viability and vigor of seed containing 
4 per cent moisture stored in zero per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 11. Viability and vigor of seed containing 
2 per cent moisture stored in 100 per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 12. Viability and vigor of seed containing 
2 per cent moisture stored in 20 per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting,, and 
average fresh weight on the tenth 
day 
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Figure 13. Viability and vigor of seed containing 
2 per cent moisture stored in 5 per 
cent oxygen 
A.• Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 14. Viability and vigor of seed containing 
2 per cent moisture stored in zero per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
73 
100 
X 
o 
to 60 
H 
M 
20 
60 120 180 240 300 ' 360 
STORAGE PERIOD, DAYS 
A 
100 
10 DAYS 
AFRESH WEIGHT O o 80 4 DAYS 
o 
o 
20 
240 360 60 . 180 3.00 120 
STORAGE PERIOD, DAYS 
B 
Figure 15. Viability and vigor of seed containing 
zero per cent moisture stored in 100 
per cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 16. Viability and. vigor of seed containing 
zero per cent moisture stored in 20 
per cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 17. Viability, and vigor of seed containing 
zero per cent moisture stored in 5 per 
cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
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Figure 18. Viability and vigor of seed containing 
zero per cent moisture stored in zero 
per cent oxygen 
A. Viability 
B. Average maximum seedling height at 
4 and 10 days after planting, and 
average fresh weight on the tenth 
day 
81 
100 
X 
o 
H 
H 
20 
60 120 180 240 300 360 
STORAGE PERIOD, DAYS 
A 
100 
'10 DAYS 
O— w 
o 
m 
o 
•FRESH WEIGHT 
4 DAYS 
20 
240 60 180 360 120 300 
STORAGE PERIOD, DAYS 
B 
82 
The seed containing 2 per cent moisture endured storage some­
what better than the seed containing 4 per cent moisture, 
which, in turn, survived much longer than the seed containing 
8 per cent moisture. However, the seed stored with a nomi­
nally zero per cent moisture content did not endure storage as 
well as the seed stored with 4 and 2 per cent moisture con­
tents. 
Within each moisture level, certain oxygen levels favored 
preservation of the vitality of the seed. At the 8 and 4 per 
cent moisture levels, the seed stored in 20 per cent oxygen 
gave the best storage performance; however, the storage lon­
gevity of the seed containing 4 per cent moisture stored in 
20 per cent oxygen was not markedly superior to the longevity 
of the seed stored in 5 and zero per cent oxygen. At moisture 
levels below 4 per cent, the grain stored in 5 per cent oxygen 
yielded the best storage performance; however, no important 
differences were found in the storage behavior of seed con­
taining 2. per cent moisture stored in 5 and zero per cent oxy­
gen or of seed containing zero per cent moisture stored in 20, 
5 and zero per cent oxygen. 
After germination of the seed the emergent seedlings 
recovered variably from the vigor losses incurred during stor­
age, except where deterioration was well advanced. This be­
havior was most apparent in the seed stored with a moisture 
content of 8 per cent in 100 per cent oxygen, and was much 
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less evident in the seed stored at lower moisture levels. 
At the final sampling, the seed containing 2 per cent 
moisture stored in 5 per cent oxygen made the best growth per 
formance; however, the margin of superiority was small. De­
spite considerable damage incurred during drying, the seed 
dried to zero per cent moisture content and stored in 5 per 
cent oxygen showed the least decline in vigor, and further 
sampling may reveal that the seed stored in the latter condi­
tions may ultimately yield the best overall storage perform­
ance. 
Chemical Analyses 
Since the methods used in this investigation were depart 
ures in varying degree from the usual procedures, each method 
as well as the data obtained, is evaluated. 
Free fat acidity 
The data shown in Table 8 for free acidity analyses per­
formed during this investigation exhibit some rather interest 
ing variations. 
The predrying fat acidity content of the grain used ex­
ceeded the acceptable level denoted by Baker (5)• However, 
as drying of the seed progressed through the storage moisture 
levels of the grain, the fat acidity index was reduced con­
sistently from a value of 34.4 for the predrying value to a 
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Table 8. Results of selected lipid analyses performed on 
maize dried and stored at 50° 0. Except as noted, 
data are the average of duplicate analyses at each 
sampling and are reported on a dry weight basis. 
Seed Oxy­ Storage Germin- Free fat Perox­ Pig­ Total 
mois­ gen period ationa acidity ide ment fats 
ture 
-
value value 
% % Days % mg KOH/ Pg Fe/g Klett * 
• 100 g no./ g 
Check0 - - 0 98 34.4 2.5 123 5.58 
8d • ™ 0 99 28.1 4.6 125 5.60 
8 100 16 90 23.9 2.6 87 5.66 
8 100 41 74 20.3 15.5 86 5.47 
8 100 60 20 19.8 13.1 82 4.92 
8 20 67 40 20.7 7.9 97 4.72 
8 5 69 0 13.2 7.3 110 4.92 
8 0 72 0 18.4 6.7 128 5.49 
4d mm 0 93 25.0 2.2 126 5.64 
4 100 68 96 9.9 110 5.47 
4 100 134 63 13.6 98 5.56 
4 100 158 76 22.4 95 5.58 
4 100 334 2 29.6 8.4 73 5.47 
4 20 77 92 2.0 121 5.62 
4 20 140 80 4.5 117 5.31 
4 20 209 73 31.5 110 5.71 
4 20 336 66 31.7 5.5 90 5.43 
4 5 103 97 2.1 122 5.23 
4 5 161 84 17.4 119 5.76 
4 5 340 51 25.8 (28.6) 90 5.41 
aSeedlings surviving after 10 days from planting of seed. 
bValues for 8 per cent moisture material except the post-
drying sample obtained from the original method, all others 
from the revised method. 
cAverage of 14 analyses, except 2 analyses'-for peroxide 
value. 
dpostdryihg sample. 
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Table 8 (Continued). 
Seed Oxy­ Storage Germin­ Free fat Perox­ Pig­ Total 
mois­ gen period ation^  acidity ide ment fats 
ture value value 
% * Days % mg KOH/ Pg Fe/g ELett % 
100 g no./g 
4 0 108 88 0.0 125 5.31 
4 0 166 80 17.0 138 5.39 
4 0 346 51 27.5 (33.4) 126 5.49 
2d 0 91 17.5 2.5 129 5.68 
2 100 . 91 84 0.0 109 5.02 
2 100 120 76 10.7 99 5.35 
2 100 142 68 15.0 100 5.43 
2 100 330 14 26.9 8.4 . 77 5.39 
2 20 92 90 3.1 122 . 5.27 
2 20 123 82 0.0 120 5.14 
2 20 332 46 25.9 7.4 103 5.43 
2 5 97 92 3.7 120 4.99 
2 5 160 86 27-0 114 5.44 
2 5 335 64 29.4 5.9 101 5-43 
2 0 98 90 1.6 124 5.02 
2 0 162 80 14.7 125 5.37 
2 0 339 60 32.3 1.3 126 5.47 
od — — 0 90 5.8 1.8 145 5.23 
0 100 28 88 2.2 111 5.31 
0 100 62 86 0.0 96 5.15 
0 100 268 6 25.6 2.3 50 5.33 
0 20 30 92 1.4 114 5.38 
0 20 101 88 20.2 103 5.58 
0 20 270 68 23.2 1.4 74 5.46 
0 5 32 94 0.0 126 5.08 
0 5 102 84 36.2 123 5.48 
0 5 271 72 28.9 1.7 97 5.45 
0 0 34 91 4.4 156 5.16 
0 0 115 78 17.0 135 5.45 
0 0 272 58 26.0 2.4 133 5.63 
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low of 5.8 for the postdrying value of the seed dried to a 
moisture content of zero per cent. 
In the seed stored with a moisture content of 8 per cent 
in all levels of oxygen, the fat acidity index continued to 
decline throughout the storage period. The rate and magnitude 
of the decline appeared to be independent of the oxygen con­
tent of the storage atmosphere. 
In the seed stored at the other moisture and gas levels, 
the fat acidity index declined to a very low level during the 
early phase of storage, then the index rose to values compara­
ble to the predrying level. No consistent relationship be­
tween the oxygen concentration of the storage atmosphere with­
in each moisture level and the variation in the fat acidity 
index appeared during storage of the grain. 
The free fat acidity index values of the seed did not 
exceed the predrying level of the grain, although in some 
instances the seed had perished. 
Peroxide development 
The peroxide value of the seed in the predrying state was 
very low, and the data of Table 8 reveal that the drying of 
the seed did not induce any significant change in the value. 
However, changes in the peroxide content of the seed did occur 
during storage, and since these appeared to be related to the 
moisture content of the seed, the changes within each moisture 
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level are considered. 
In the seed stored with a moisture content of 8 per cent 
in 100 per cent oxygen, the peroxide value rose to a maximum 
during the storage period, and then declined slightly. The 
values obtained for the seed stored at the lower oxygen levels 
were low at each oxygen level. 
The peroxide values for the seed stored with moisture 
contents of 4, 2 and zero per cent were obtained with the re­
vised analytical procedure which involved chromatographic the 
benzene extract. Although the results are not adequate to 
serve as a basis of absolute conclusions, they evidence some 
interesting variation. 
The value obtained at the last sampling of the seed 
stored with a moisture content of 4 per cent in 100 per cent 
oxygen was low, and no reliable data were obtained to estab­
lish the existence of storage behavior noted in the peroxide 
values of the seed stored with 8 per cent moisture in 100 per 
cent oxygen. In addition, the peroxide values of the seed 
containing 4 per cent moisture stored in 5 and zero per cent 
oxygen were unaccountably high. 
The seed stored with a moisture content of 2 per cent in 
all of the oxygen levels evidenced some peroxide development 
which appeared to be directly related to the oxygen content 
of the storage atmosphere, but the values were much lower than 
these obtained from the seed stored with higher moisture con­
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tents. None of the seed stored at the lowest moisture level 
evidenced any peroxide formation. Peroxide development ap­
peared to be moisture dependent under the conditions of this 
investigation. 
In general, peroxide formation did not appear to be 
directly related to the vitality or storage longevity of the 
seed. Seed stored with 8 per cent moisture and germination 
74 per cent possessed a considerably higher peroxide value 
than seed which failed to germinate. 
Oarotenoid assay 
The carotenoid concentrations depicted in Table 8 ap­
peared to follow the deterioration pattern found by Praps et 
al. (27). In general, the colorimetric value of the pigments 
declined during storage at a rate which appeared to be di­
rectly related to the oxygen content of the storage atmosphere. 
The loss of pigment appeared to be an oxidative phenomenon 
which was not particularly related to the moisture content of 
the seed. 
Total fats 
In general, the data from the analyses of the total fat 
content of the dried and stored seed, Table 8, do not show any 
significant variations. This result would be expected. 
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Phosphate analyses 
Since all of the phosphate data for the storage of the 
seed containing 8 per cent moisture and all except the results 
obtained from the last sampling of the seed stored at the 
other moisture levels were derived with the original phosphate 
fractionation and colorimetrie procedures, the findings were 
invalidated by the .discovery of the failure of the separation 
performed with magnesium salts at pH 8.2. However, since the 
variations among the phosphate values of the various fractions 
of the postdrying and final samples, shown in Table 9, were 
small, it is unlikely that any additional information would 
have been obtained from earlier sampling. Before evaluating 
the data of Table 9, a consideration of the probable nature of 
the phosphate compounds in each fraction is warranted. 
Lindberg and Ernster (50). grouped the biologically impor­
tant phosphate compounds into three groups, based on their 
response to acid hydrolysis and to barium and calcium precipi­
tation at pH 8.2. Greenberg (34) also discussed the precipi­
tation behavior of the compounds and emphasized that the frac­
tions thus obtained were not homogeneous. 
When they applied the Michel-Durand (57) phytin separa­
tion to the determination of phytate phosphorous of blood, 
Leva and Bapoport (49) found that adenosine triphosphate (ATP) 
and diphosphoglyceric acid were precipitated with phytin. 
They eliminated interference from the two former compounds 
Table 9» Results of phosphate analyses by the revised procedure. Average of duplicate samples 
Stor­ pH 8.2 
pH 5.1 supernatant pH 5.1 Precip. 
Seed age super­ Inor­ Acid Total Acid Nucleic Pro- Ana-
mois­ Cay-- per­ Germi­ natant ganic labile labile Total Lipid acid tein Total lytic 
ture gen iod nation P04 POk POk POli P04 POk PO4 P0h POjj P0j| yield 
% % Days * All expressed as percentages of total yield mg/g % 
Check i 98 1.48 4.68 0.000 6.27 0.318 80.13 4.06 7.67 O.I4O 3.244 99.8 
0 99 1.1*2 4*1*3 0.012 7.12 0.261 80.00 3.66 7.14 0.86 3.177 104.0 
0 93 1.59 4.97 0.014 7.13 0.467 80.40 3.51 6.48 0.91 3.042 105.9 2Ï 0 91 1.32 5.28 0.344 7.03 0.553, 79.53 3.37 7.03 1.30 3.154 103.8 0b 0 90 l.liô 6.47 0.277 7.98 0.832, 78.58 3.77 7.09 1.10 3.123 98.4 
u 100 334 2 1.61 8.02 0.253 11.50 0.730 75.33 3.45 6.80 1.26 3.300 96.9 
U 20 336 66 1.38 7.26 0.156 11.44 0.651 77.08 3.26 6.17 0.95 3.551 101.0 
4 5 340 51 1.60 7.90 0.134 11.18 0.755 75.79 3.51 6.77 1.19 3.253 101.4 
4 0 3U6 51 1.81 7.93 0.032 11.58 0.785 74.49 3.67 7.05 1.42 3.217 100.0 
2 100 330 lit 1.60 6.75 0.027 11.43 0.831 74.50 3.49 6.95 2.04 3.278 102.0 
2 20 332 U6 1.43 7.47 0.279 10.72 0.780 76.35 3.47 6.70 1.33 3.230 101.5 
2 5 335 64 1.59 7.64 0.000 10.30 0.810 75.85 3.87 7.49 0.91 3.177 101.8 
2 0 339 60 1.53 7.90 0.049 11*41 0.742 74.82 3.47 7.09 1.70 3.160 103.4 
0 100 268 6 1.56 7.84 0.513 9.79 0.926 76.67 3.78 7.20 1.02 3.241 96.9 
0 20 270 68 1,65 7.72 0.183 8.92 1.040 77.69 3.78 7.18 0.79 3.348 93.1 
0 5 271 72 1.52 8.06 0.287 10.20 1.180 76.79 3.55 6.85 1.10 3.167 95.6 
0 0 272 58 1.22 7.18 0.278 9.15 1.030 78.76 3.62 6.86 0.39 3.292 97.5 
*The value from wet ashing of the moisture determination residue was considered to be the 
theoretical yield. 
kpostdrying samples. 
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"by hydrolyzing them with 0.5 H hydrochloric acid at 100° 0 for 
10 minutes and found that phytin was not affected by such 
treatment.. 
On the basis of the foregoing results it is possible to 
infer the nature of the phosphate fractions shown in Table 9. 
The supernatant from the separation performed at pH 8.2 should 
have contained such compounds as glucose-6-phosphate, fruc-
tose-6-phosphate, triose phosphates, pyridine nucleotides and 
pentose phosphates. Although glucose-l-phosphate is normally 
a constituent of this fraction, the absence of an acid labile 
component in our material indicated that it was unimportant 
here. No important or consistent variation was found in this 
fraction. 
Inorganic phosphate constituted 65 to 75 per cent of the 
total phosphate in the supernatant obtained from the pH 5.1 
separation. Phytin, a compound containing 75 to 80 per cent 
of the total phosphorous of the seed, was virtually the sole 
component of the precipitate from the same separation. The 
inorganic phosphate of the seed increased gradually during 
drying and continued to increase during storage. This in­
crease was balanced by a decrease in phytin phosphate. 
Neither change appeared to be related to the vitality of the 
seed or to any particular set of storage conditions. 
Acid labile components consisting of the nucleotide poly­
phosphates such as ATP and adenosine diphosphate (ABP) were 
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found, in both, the supernatant and the precipitate from the 
separation at pH 5.1; however, no acid labile phosphate was 
found in the supernatant obtained from the seed before drying. 
The acid labile phosphate content of the seed increased from 
a low level during drying of the seed and continued to in­
crease during storage. No consistent pattern of change oc­
curred except in the seed stored at the lowest moisture level 
where marked accumulation of the acid labile component of the 
phytin precipitate appeared. 
The phosphate associated with the phospholipid and with 
the nucleic acid fractions of the seed declined early in the 
drying process but remained stable during.storage of the seed. 
Since the phospholipids and part of the RNA are associated 
with the membranous components of cell structure, the initial 
change in these fractions may reflect the protoplasmic adjust­
ments associated with drying, discussed by Struve (68). 
The residual protein bound phosphate, which was not af­
fected by any of the extraction or hydrolytic procedures, 
showed small but fairly consistent variation. The phosphate 
content of this fraction increased during the drying proce­
dure. In general, excepting the seed stored at the lowest 
moisture level, the higher values of this fraction found in 
stored seed were associated with lowered viability. 
The effectiveness of the revised fractionation procedure, 
and the reliability of the colorimetric methods which gave 
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stable end points are reflected in the data of the last two 
columns of Table 9. The analytical yields are within the 
range of acceptable analytical standards. The values found 
for phytin and total phosphate agree with those found in the 
literature, and variation in the latter values is low. 
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DISCUSSION 
The storage longevity of corn is dependent upon the pre-
storage drying treatment of the grain and upon the storage 
environment. Struve (68) has examined critically the effects 
of drying upon the storability of the seed and studied less 
intensively the effects of seed moisture, storage temperature 
and oxygen levels on the longevity of the seed. 
Much work has been done on the effects of storage of 
grain with moisture contents in excess of 12 per cent, since 
such moisture levels are typical of commercial storage. With­
in these levels, the deterioration of the seed has been found 
to be directly related to temperature. In general, the loss 
of viability of grains stored with 14 per cent of moisture and 
more, has been identified with microbiological activity. An 
increase in free fat acidity, the principal chemical change 
which has been studied, has been associated with the decrease 
in the vitality of the seed and with microbiological activity, 
and the free fat acidity index of the cereals has been consid­
ered to be a reliable indicator of the quality of the grain. 
Apparently, little work has been done to study the effects of 
drying and storage of maize at low moisture levels on the 
enzyme systems of the grain. 
In this investigation, the loss of water from the seed 
during the vacuum drying process appeared to proceed in three 
95 
phases. A rapid drying phase reduced the moisture content of 
the seed from 10 or 16 per cent levels to about 6 per cent. 
The initial rapid stage was followed by a transitory phase 
characterized by a rapidly decreasing rate of water loss from 
the 6 to the 2 per cent seed moisture levels. Finally, the 
reduction of the seed moisture from 2 to zero per cent was 
accomplished at a slow but relatively stable drying rate. It 
is considered that the rapid initial loss of water represented 
the removal of free water from the seed and that the final 
slow stage represented the removal of bound water in the form 
of monomolecular adsorption layers. The transitory rate is 
believed to have resulted from the removal of successive 
adsorbed layers of water involving attractive forces ranging 
from the free state to the monomolecularly bound state of 
water. 
The data of Table 10 show that the drying procedure 
caused viability and vigor losses. The vigor losses appeared 
to be directly related to the length of the drying period, and 
the most distinct losses arose during the relatively long, 
final phase of the drying process involving the removal of 
strongly bound water. On the basis of the drying experiments, 
it is possible to conclude that drying below the range of 
about 2 per cent moisture content is likely to be deleterious 
to the seed. 
In storage, the. longevity of the seed was inversely 
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Table 10. Comparative Injury resulting from rapid and slow 
drying rates at 50* C in vacuo. 
Final 
seed 
mois­
ture 
Drying 
rate 
Drying 
period 
Germi­
nation 
Seedling height 
4 da 10 da 
Average 
fresh 
weight 
% Days % All as per cent of check 
8 Rapid 0.08 100 100 97 99 
8 Slow 1.04 99 107 100 100 
6 Rapid 0.56 100 98 100 102 
4 Rapid 2.7 0 100 104 94 98 
4 Slow 4.67 93 -$4 102 91 
2 Rapid 7.23 100 94 99 96 
2 Slow 17.00 91 88 89 85 
0 Rapid 31.70 100 81 90 86 
0 Slow 55.80 90 72 8.6 82 
related to its moisture content. An. examination of the data 
of Table 11 reveals that the removal of the small Increments 
of water from 8 to 4 per cent moisture levels greatly improved 
the storage performance of the grain. The prolonged drying of 
the seed required to obtain "zero" per cent moisture resulted 
in vigor losses which tended to offset the gain in storage 
longevity during the comparatively short term of.this investi­
gation. The vigor losses occurring during storage accrued to 
the vigor losses resulting from the drying process. Further 
sampling is required to assess the true overall effectiveness 
of the drying and storage processes. 
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Table 11. Condition, of seed at each final sampling. Average 
of two 25 seed samples. 
Seed 
mois­
ture 
Oxygen Storage 
period 
Germi­
nation 
Seedling height 
4 da 10 da 
Average 
fresh 
weight 
% % Days % All as per cent of check 
8 100 60 10 0 10 4 
8 20 67 40 0 19 15 
8 5 69 0 0 0 0 
8 0 72 0 0 0 0 
4 100 334 2 0 7 5 
4 20 336 66 46 74 56 
4 5 340 51 43 65 48 . 
4 0 346 51 49 63 46 
2 100 330 14 32 43 ' 32 
2 20 332 46 51 77 66 
2 5 335 64 74 82 68 
2 0 339 60 72 83 67 
0 100 268 6 0 13 5 
0 20 270 68 46 73 57 
0 5 271 72 71 84 75 
0 0 272 58 59 82 67 
A summary of the storage results obtained so far is shown 
in Table 11. The poor results with 8 per cent moisture and 
the intermediate results with 4 per cent are obvious. The 
injurious effects of 100 per cent oxygen are also clear-cut. 
With lower percentages of. oxygen the resulting differences 
were not statistically significant. There is a trend in the 
data which suggests that 20 per cent oxygen was superior with 
4 per cent moisture and 5 per cent of this gas was desirable 
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with 2 and zero per cent moistures. It is reasonable to as­
sume that anaerobiosis could be injurious with 4 per cent 
moisture at 50° C, and that available oxygen would protect the 
seed from possible injury from this source. The determination 
of the exact role of oxygen in balancing the injurious effects 
of anaerobiosis and autoxidation at the lower storage mois­
tures will require the results of longer storage periods. 
The use of longer storage periods will also contribute 
to further clarification of the results obtained from the 
chemical analyses performed in this study. However, several 
interesting results were obtained. The high fat acidity 
values associated with the deterioration of grain in commer­
cial storage and with moisture contents in excess of.12 per 
cent, did not appear during the term of this investigation. 
The free fat acidity increases observed in commercial storage 
appear to be related to high moisture and probably to the 
action of microorganisms. 
The development of rancidity due to oxidation of lipids 
has been correlated with the loss of viability of seeds high 
in oil, but failure of the grain stored in this investigation 
to develop rancid odors or high peroxide values indicates that 
fat oxidation was not directly related to loss of viability. 
In fact, the formation of peroxides was reduced by the re­
moval of water from the seed. 
Of the seed constituents studied during this investiga­
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tion, the carotenoids showed changes most closely related to 
the oxygen content of the storage atmosphere, as shown in 
Table 8. When the seed was stored in nitrogen, no important 
decrease in the carotenoids occurred. Herisset (36) has found 
that the carotenoids—and to a lesser extent, vitamin A— 
inhibited autoxidation of lipid materials. In our data (Table 
8) there was a tendency within higher moisture contents, for 
appreciable peroxide formation only after the carotenoid con­
tent of the grain was reduced. At lower moisture levels, 
peroxides were not formed, even where carotenoids were appar­
ently low. In yellow com, the carotenoids may serve, as natu­
ral antioxidants, protecting other components of the grain 
from autoxidation. Such behavior may account for the resist­
ance of the fats of com germ to storage deterioration noted 
by Lindemann (51). 
Recent experiments reported by Armstrong et al. (2) and 
by Dixon et al. (25) indicate that autoxidation affects the 
performance of terminal oxidation by the cytochrome system. 
Although this effect merits investigation in grain storage 
studies, it should be noted that, in this investigation, stor­
age in a highly purified grade of nitrogen did not necessarily 
elevate the storage performance of such seed above the level 
of seed stored in atmospheres containing normal to low per­
centages of oxygen. 
Studies of the phosphorous compounds of our com samples 
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emphasized the importance of phytin in this material. Other 
fractions were so small that it is improbable that the possi­
bly significant changes can be detected by ordinary quantita­
tive methods. It should be interesting in further work to 
study various nucleotide changes by the more sensitive spec-
trometric methods. 
On the basis of this study and other investigations, it 
is possible to postulate an optimal storage relationship among 
seed moisture, storage temperature and oxygen content of the 
storage atmosphere. It is possible to dry corn to a very low 
moisture level where vigor losses resulting from drying are 
negligible. At that moisture content, apparently about 2 per 
cent, and at storage temperatures encountered in the absence 
of refrigeration, an optimal oxygen level probably exists 
where autoxidation is minimal and aerobic respiration is fa­
vored. Theoretically, it may be possible to select a set of 
conditions which would favor virtually indefinite storage of 
the grain. 
Much work remains to be done in the field of low moisture 
storage of cereal grains such as corn. The physical effects 
of drying and of storage upon cellular components such as the 
mitochondria merit investigation. 
The interrelationships of seed moisture, storage tempera­
ture, oxygen levels, autoxidation and respiration deserve fur­
ther clarification: The actual critical chemical process or 
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processes of deterioration remain obscure. 
In the realm of biochemistry, the effects of storage, 
especially at higher temperatures, on the growth substances 
such as indoleacetic acid may be important. More exacting 
determinations should be made of the nucleotide polyphosphates 
and of the reduced to oxidized ratio of the pyridine nucleo­
tides. 
Perhaps the most challenging endeavor may lie in the 
study of the effects of.storage on enzymes and enzyme systems 
of the grain. The possible involvement of the cytochrome sys­
tem has already been cited. The potential for research in the 
field of seed physiology, especially in relation to seed stor­
age, has been barely exploited. Many, important problems re­
main unsolved and questions unanswered. 
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SUMMARY 
Maize was dried, in vacuo at 50° 0 from 16 per cent to 8, 
4, 2 and zero per cent moisture contents. The dried seed lot 
was stored at 50° C in glass tubes filled with atmospheres 
containing 100, 20, 5 or zero per cent oxygen. 
The dried and stored seed was sampled periodically and 
subjected to growth analyses in a regulated growth chamber. 
In addition, the samples from drying and storage were analyzed 
by adapted chemical procedures assaying free fat acidity, per­
oxide formation, carotenoid disappearance, changes in total 
fat, and in phosphate fractions. 
The drying rate passed through three stages, related to 
the difficulty of water removal. They were an initial rapid 
phase, a transition phase and a final lengthy finishing phase 
required to dry the seed from 2 to zero per cent moisture. It 
was found that drying below about 2 per cent moisture reduced 
the vitality of the seed in direct relationship to the length 
of the drying period. 
Reducing seed moisture and storage oxygen increased the 
storage longevity of the seed, but variations in the storage 
performance of seed in oxygen concentrations of 20 per cent 
and below were small. 
Free fat acidity of the grain was reduced by drying and 
increased slightly during storage, but abnormal values were 
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not found. Peroxide development was directly related to the 
moisture content of the grain and did not occur at the lowest 
moisture level. Carotenoids were reduced in oxygen atmos­
pheres and appeared to have antioxidant activity. Ho impor­
tant changes in total fat content were found. 
Although no significant changes were found in the phos­
phate fractions, further research in that area appears to be 
warranted. 
The results of this and other studies suggest that the 
storage longevity of corn grain may be prolonged by drying 
the seed to about 2 per cent moisture content and by con­
trolling the storage temperature and the oxygen content of 
the storage atmosphere. 
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